Central to the discussion on the interactions between insects and plants is the evolutionary mechanism by which host specialization and host shifts occurred. Although the host range of an insect is the outcome of its evolutionary and/or coevolutionary struggle for survival through a diversity of ecological, behavioral, and biochemical events, stimuli evoked by plant secondary metabolites have been shown, in general, to exert a significant effect on host utilization by herbivores (e.g. Städler, 1992) . It is well documented that phytophagous lepidopterans rely exclusively on particular chemical constituents in plants in assessing the suitability of potential hosts and that acceptance or rejection of a given plant by ovipositing females is determined mainly by a reciprocal balance of positive and negative inputs from the plant which are ultimately transmitted to the central nervous system for further processing (Renwick and Chew, 1994; Honda, 1995) . To date, a number of phytochemicals serving as oviposition stimulants or deterrents have been reported for butterflies and moths (e.g. Renwick and Chew, 1994; Honda, 1995; Nishida, 1995; Honda and Nishida, 1999) . In butterflies, the most crucial phase of host assessment, prior to egg deposition, is "drumming" on the leaf surface with foretarsi, during which time plant chemicals are perceived by tarsal chemotactile sensory organs. A survey of extensive work conducted thus far on the chemical factors implicated in butterfly egg-laying clearly demonstrates that phytochemicals mediating host recognition and discrimination by ovipositing females are those characterized mostly as non-volatile secondary metabolites (Honda and 
INTRODUCTION
Central to the discussion on the interactions between insects and plants is the evolutionary mechanism by which host specialization and host shifts occurred. Although the host range of an insect is the outcome of its evolutionary and/or coevolutionary struggle for survival through a diversity of ecological, behavioral, and biochemical events, stimuli evoked by plant secondary metabolites have been shown, in general, to exert a significant effect on host utilization by herbivores (e.g. Städler, 1992) . It is well documented that phytophagous lepidopterans rely exclusively on particular chemical constituents in plants in assessing the suitability of potential hosts and that acceptance or rejection of a given plant by ovipositing females is determined mainly by a reciprocal balance of positive and negative inputs from the plant which are ultimately transmitted to the central nervous system for further processing (Renwick and Chew, 1994; Honda, 1995) . To date, a number of phytochemicals serving as oviposition stimulants or deterrents have been reported for butterflies and moths (e.g. Renwick and Chew, 1994; Honda, 1995; Nishida, 1995; Honda and Nishida, 1999) . In butterflies, the most crucial phase of host assessment, prior to egg deposition, is "drumming" on the leaf surface with foretarsi, during which time plant chemicals are perceived by tarsal chemotactile sensory organs. A survey of extensive work conducted thus far on the chemical factors implicated in butterfly egg-laying clearly demonstrates that phytochemicals mediating host recognition and discrimination by ovipositing females are those characterized mostly as non-volatile secondary metabolites (Honda and Nishida, 1999) . In certain cases, however, volatiles from host plants stimulate egg-laying behavior (Feeny et al., 1989) .
Although a wide range of plant families has been reported as hosts for papilionid butterflies, most species of the genus Papilio are known to specialize on rutaceous plants, showing differential use of allied plants depending on the species (Miller, 1987) . To elucidate the process of host range evolution in Papilio butterflies, it is therefore essential to investigate the chemical basis for differential acceptance of potential hosts. Earlier work (Ichinose and Honda, 1978; Abe et al., 1981; Honda and Hayashi, 1995; Nakayama et al., 2002) has revealed the profile of oviposition responses of some Papilio butterflies to several rutaceous plants, their extracts, and fractionated samples. However, further attempts to gather information on phytochemical mediators responsible for host selection are needed for a more comprehensive understanding of the background of present-day host utilization.
Papilio polytes, a specialist on the Rutaceae, inhabiting tropical Southeast Asia to subtropical Southwestern Islands of Japan, feeds exclusively on Toddalia asiatica and Citrus depressa in Japan (Fukuda et al., 1982) , though some other rutaceous plants such as Fagara ailanthoides, Evodia meliifolia, Zanthoxylum nitidum, Murraya paniculata, and Melicope triphylla also grow sympatrically in the habitat of the butterfly. This study of P. polytes deals with a comparative appraisal of female oviposition responses to and the suitability for larval growth of four rutaceous plants, consisting of C. depressa, two other potential hosts, F. ailanthoides and E. meliifolia, and Orixa japonica that does not occur in the Southwestern Islands but that is utilized on the Main Island (Honshu) and in Kyushu as an important host by other Papilio species.
MATERIALS AND METHODS
Insects. Adults of P. polytes subjected to the behavioral bioassays were 3-to 10-day-old gravid females (hand-paired or allowed to copulate in an outdoor insectarium). These were offspring of females collected in Yaeyama Islands of Japan (Okinawa Prefecture). Larvae were reared on potted plants of Citrus spp. or T. asiatica at 25°C under a photoregime of 16L:8D. Females were fed with 15% aqueous sucrose solution once daily throughout the experiments.
Extraction and fractionation of plant materials. Young leaves of C. depressa and E. meliifolia collected in Okinawa Pref. and those of F. ailanthoides and O. japonica collected in Hiroshima Pref. (0.5 to 1 kg each) were extracted separately with methanol (4 to 6 l) at room temperature for one month. Subsequent fractionation of each extract was carried out according to the method of Honda (1990) , as outlined below: Each methanolic extract was concentrated in vacuo below 50°C, and an aliquot of the whole concentrate, after being dispersed in water, was successively partitioned with chloroform and isobutanol to give three fractions (one aqueous and two organic fractions). The chloroform-soluble fraction (Fr. 1) was stored in chloroform. The isobutanol-soluble fraction (Fr. 2) was evaporated to dryness below 50°C, and the residue was re-dissolved in methanol. The water-soluble fraction (Fr. 3) was dissolved in 50% aqueous methanol. All fractions were stored below 0°C until use. The following abbreviations will be used henceforth for names of fractions when their usage is convenient: Fr. 1 of C. depressa and Fr. 2 of F. ailanthoides, for instance, will be designated as Cd-1 and Fa-2, respectively. Concentrations of test samples given in Figs. 2 to 4 are all represented by % w/v. An initial extract and three partitioned fractions (Frs. 1 to 3) of a given concentration prepared from the respective plants were tested for their stimulatory or deterrent effect on oviposition.
Bioassay for oviposition response. Behavioral bioassays were conducted by a method similar to that reported previously (Honda, 1986) , employing a green plastic plate as a leaf surrogate. Before testing, females were screened daily to assess their responsiveness, and only those that showed positive responses to the foliage of C. depressa or other Citrus plants and negative responses to water alone (control) were chosen. Appraisal of female responsiveness to each sample was made basically in accordance with the criteria given in a previous paper (Honda et al., 1997) : In each trial (sample presentation), the response of an individual was scored as 100% for actual egg-laying or an equivalent behavior (trying to bring the ovipositor in contact with the underside of the leaf without egg deposition), 50% for half-curling the abdomen with continuous drumming (this behavior took place infrequently), and 0% for drumming only, with no positive response. Trials were replicated more than three times for each individual and the responses of an individual to a given sample were averaged. For all trials, merely alighting on ovipositional substrates without drumming was not included. Oviposition response to each sample was finally represented as the mean percentage of responses recorded from more than 15 females. For test samples of a binary mixture, the significance of the difference in response between Cd-3 and the test sample was analyzed by a t-test (Aspin-Welch method).
Larval feeding tests. Neonate and 5th stadium larvae, provided with young leaves of any one of the four rutaceous plants, were reared at 25°C under a photoregime of 16L:8D to examine the rate of survival to the next stadium, which would serve as an estimate of larval fitness on these plants (Courtney and Kibota, 1990) . Fifth stadium larvae subjected to feeding experiments had been raised on potted plants of T. asiatica (the primary host of the butterfly) until the 4th larval ecdysis. The significance of the difference in larval survivorship was analyzed by a c 2 -test.
RESULTS

Composition of plant extracts
Relative amounts of the three fractions (Frs. 1 to 3) to the fresh weight of each plant are shown in Fig. 1 . The amount of Fr. 1 (1.8-2.3%) and Fr. 3 (2.6-3.2%) did not differ largely among the plants examined, whereas the relative proportion of Fr. 2 varied considerably, ranging from 0.3 (F. ailanthoides) to 1.3% (E. meliifolia).
Oviposition response to the foliage
Acceptability of the four plants for ovipositing females of P. polytes was first tested to tentatively grasp the profile of host use in nature (Fig. 2) . Females exhibited potent positive responses to the foliage of C. depressa, a host plant of the butterfly, and also to F. ailanthoides. In marked contrast to these, O. japonica was almost completely rejected, while E. meliifolia, to which females responded weakly (34%), appeared to be barely acceptable to ovipositing females.
Oviposition response to extracts and fractions
Female responses to the methanol extracts and their fractions prepared from individual plants were tested at three doses (0.5, 1.0 and 2.0%), except for C. depressa and F. ailanthoides that evoked significant positive responses from females at as low as 0.5% (Fig. 3) . Oviposition responses to the extracts were nearly consistent with those to the foliage, thereby indicating that the methanol extracts contain key substance(s) responsible for host acceptance or rejection by females. It is apparent that the two plants, C. depressa and F. ailanthoides, possess significant oviposition stimulant(s) and that the major chemical substance(s) inducing oviposition are localized in the aqueous fractions (Cd-3 and Fa-3). In addition, Cd-1, Cd-2, and Fa-2 also exerted moderate stimulatory effects on egg-laying, suggesting the co-occurrence of other stimulants in these plants. On the other hand, females made little or almost no responses to the extract and every fraction from O. japonica. Since these fractions failed to stimulate egg-laying even at higher concentrations, unresponsiveness of females to them may be ascribed to either the absence of stimulant(s) or the presence of deterrent(s). Females responded positively, though not strongly, to the extract of E. meliifolia and Em-3 at 0.5%, which implies that Em-3 at least contains stimulants. However, oviposition responses to Em-3 and the extract tended to dwindle as the dose of the sample increased.
Oviposition response to binary mixtures
The next experiments were designed to examine whether or not oviposition deterrents are present in E. meliifolia and O. japonica that showed no or low stimulatory activity. Oviposition responses to their methanol extracts and to the respective fractions were thus tested in combination with an equivalent amount of Cd-3 that displayed potent stimulatory activity, so that we may estimate to what extent they are responsible for host recognition by females (Fig. 4) . While the extract of E. meliifolia was not found to be significantly deterrent, each of its fractions (Em-1 to Em-3) exhibited very weak but significant deterrency ( pϽ0.01) at the concentration tested (0.5%). Furthermore, an additional experiment (Nϭ15) revealed that the stimulatory activity of Cd-3 (0.5%) was significantly reduced to 16.7Ϯ4.1% (meanϮSE) response (pϽ0.001) by the addition of a larger quantity of Em-3 (2.0%). This undoubtedly implies that weak oviposition deterrent(s) are contained in Em-3. Although we have no clear explanation at present for the curious phenomenon shown in Fig. 3 , in which the oviposition response to Em-3 was inversely proportional to the sample concentration, this may be accounted for in part by the idea that the negative activity evoked by deterrent(s) in Em-3 outweighed the positive activity evoked by coexisting stimulant(s) at higher concentrations (1.0 and 2.0%), probably due to the difference in dose-dependency of activities between deterrent(s) and stimulant(s). Alternatively, the content of deterrent(s) in Em-3 (0.5%) might have been below the threshold level of detection by females. Similarly, the extract of O. japonica, Oj-2, and Oj-3 exhibited weak but significant deterrency 40 T. MURAKAMI et al. (pϽ0.01), and Oj-1 had an unequivocal inhibitory effect (pϽ0.001) of moderate intensity on oviposition.
Larval survivorship on four rutaceous plants
Suitability of four plants for larval growth was appraised by examining the survivorships of 1st-and 5th-stadium larvae fed with these plants (Fig.  5) . Larvae, irrespective of age, performed fairly well on C. depressa and F. ailanthoides and no apparent feeding deterrency or growth-inhibitory effect of these plants was observed. The survivorships of 1st-and 5th-stadium larvae fed with E. meliifolia were almost equal (ca. 70%), and appeared a little lower than that on C. depressa and F. ailanthoides, though the differences in survivorship among these plants were not significant. In contrast, the majority of neonates did not grow successfully on O. japonica (pϽ0.01), which seems to be congruent with the female unresponsiveness to the plant. The high mortality of neonates on O. japonica seemed to be mainly due to inhibition of feeding caused by some as yet uncharacterized anti-feedant(s) present in the plant, because diet consumption by the larvae was very low. Interestingly enough, 5th stadium larvae, however, performed as well or better on O. japonica as on E. meliifolia, which is suggestive of the absence of any toxic substances in O. japonica.
DISCUSSION
Our results clearly indicate that among the plants tested, C. depressa and F. ailanthoides are the plants most preferred by and probably most suitable for P. polytes. This finding conforms well to the field observation that C. depressa is one of the major host plants exploited by the butterfly (Fukuda et al., 1982) , and it is very feasible that the butterfly, which seems to be already fully adapted to F. ailanthoides, may colonize the plant. However, the propensity of females to lay eggs on shaded and lower leaves of plants may possibly be one of the reasons why F. ailanthoides is not recorded as its host plant (Endo and Nihira, 1990) , because the plant grows to a great height and usually occurs in sunny open lands. The present results further suggest that the utilization of E. meliifolia by P. polytes in nature is unlikely or would be far less frequent, if at all, in an environment where more preferred plants co-occur. It is, however, apparent that some of the larvae deposited on the Host Selection of a Butterfly 41 Fig. 4 . Oviposition responses (meanϮSE) of P. polytes to samples of binary mixture. Each sample was admixed with an equivalent quantity of Cd-3 (0.5% each). The difference in response between Cd-3 (0.5%) and the test sample was significant at pϽ0.01 (* ) or pϽ0.001 ( ** ) (t-test, Aspin-Welch method). plant by chance or by females may, nonetheless, grow into pupae. On the other hand, P. polytes appears to be unadapted to O. japonica, although 5th stadium larvae may be able to grow fairly successfully on this plant (Fig. 5) . In both C. depressa and F. ailanthoides, on which females readily oviposited (Fig. 2) , the dominant active substance(s) crucial for host recognition are deemed to be present in the aqueous fraction (Fr. 3) of each plant (Fig. 3) . This finding is consistent with earlier work in that most oviposition stimulants for papilionid butterflies thus far identified are water-soluble compounds (Nishida, 1995; Honda and Nishida, 1999; Ono et al., 2000a, b) . In addition, it is noteworthy that some nonaqueous fractions, Cd-1, Cd-2, and Fa-2, were also stimulative to a limited extent, which is suggestive of a synergistic system in elicitation of oviposition analogous to other Papilio butterflies (Honda, 1990; Ohsugi et al., 1991) . Apparently, O. japonica contains oviposition deterrent(s) with weak to moderate activity, particularly in Oj-1, but seems to be devoid of appreciable stimulant(s) (Figs. 3 and  4) . On the other hand, E. meliifolia, which was marginally accepted by ovipositing females, is likely to contain both moderate stimulant(s) and weak deterrent(s), as discussed above. The relative roles of stimulants and deterrents affecting oviposition in response to the fractions from the four plants are summarized in Table 1. A profile of differential acceptance of C. unshiu, F. ailanthoides, and O. japonica by ovipositing females of Papilio butterflies has hitherto been reported for two species, P. protenor and P. xuthus (Honda and Hayashi, 1995) . Both ovipositing females and larvae of the two butterflies were found to be successfully adapted to C. unshiu and F. ailanthoides, whereas O. japonica was completely rejected by both species. In this context, it may be concluded that the overall pattern of adaptation of P. polytes to plants of the genera Citrus, Fagara, and Orixa is quite similar to those of P. protenor and P. xuthus. O. japonica has been shown to contain a rutin glycoside that acts as an oviposition deterrent to P. xuthus (Nishida et al., 1990) . However, nothing is known at present as to whether the same compound regulates egg-laying by P. polytes. Similar instances of differential acceptance of particular plants by larvae and adults of related butterfly species can be found in studies of the genus Pieris that utilizes certain crucifers as major hosts (Sachdev-Gupta et al., 1990 , 1993 Huang et al., 1993) .
Recently, we reported on the affinity of P. polytes for other rutaceous plants, Toddalia asiatica, Murraya paniculata, Melicope triphylla, and Phellodendron amurense (Nakayama et al., 2002) . Of these, the most suitable plant proved to be T. asiatica and the least suitable, M. triphylla or M. paniculata. Our present and previous results, when taken together, suggest that the eight rutaceous plants tested are arrayed as follows in decreasing order of acceptability: T. asiaticaϭC. depressaϭF. ailanthoidesϾP. amurenseϾE. meliifoliaϾ ϾO. japonica мM. paniculataϭM. triphylla. The information thus obtained seems to lend support to the chemical coevolution theory that plant chemistry, which is directly linked to facilitation of or constraint on host exploitation through not only behavioral but metabolic associations, is the dominant factor influencing the evolution of host specificity of herbivores. 
